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ABSTRACT 

This  report  summarizes  theoretical  and  experimental  irrre  stigations 
of  a  new  form  of  intermittent  heat  engine  employing  pres  rare  wares  far 
compression  prior  to  heat  addition,  which  were  carried  out  at  Cnroell 
Aeronautical  Laboratory  between  November  1951  *nd  November  1955. 

This  engine  consists  of  a  number  of  individual  parallel  tub is 
cylindrically  arranged  which  are  opened  and  closed  periodically  by  two 
controlled  rotating  valves,  at  the  inlet  and  exit  of  the  tubes.  Initial 
studies  of  the  basic  operating  principles  were  carried  out  in  1951  with  a 
single  tube  model  with  an  enlarged  combustion  chamber.  Based  upon  these 
early  studies,  a  multitube  engine  model  20  inches  in  diameter  was  constructed 
and  tested.  This  multitube  unit  consisted  of  2li  individual  wave  tunes  and 
was  constructed  primarily  to  investigate  the  effect  of  tube  interactions 
upon  individual  tube  performance  and  to  determine  the  extent  of  the  mechanical 
problems  involved  in  full-scale  engine  operation. 

The  theoretical  subsonic  performance  was  investigated  using  the 
technique  of  the  method  of  characteristics.  The  supersonic  capabilities 
of  the  vavejet  were  also  investigated  and  it  was  found  that  the  supersonic 
capabilities  could  be  determined  by  extrapolation  of  the  subsonic  perfarmanct 
data  by  means  of  similarity  considerations. 

In  order  to  improve  the  performance  of  the  single  tube  engine,  tests 
were  conducted  with  a  constant  area  tube.  In  these  tests,  it  was  found 
that  reignition  could  be  achieved  by  use  of  a  hot  wall  corabuaion  chamber. 
Although  an  Increase  in  specific  thrust  was  obtained  over  that  of  the 
enlarged  combustion  chamber  model  the  maximum  experimental  values  were 
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appreciably  less  than  those  predicted  by  the  theoretical  investigations. 

For  example,  at  a  Mach  number  0.65  maximum  available  specific  thiust  values 
between  0.5  and  2.5  lbs.  per  square  inch  were  obtained,  whereas  theoretical 
calculations  indicated  approximately  13  lbs.  per  square  inch  should  be 
achieved.  The  minimum  experimental  specific  fuel  consumption  values  achieved 
were  approximately  U.3  lbs.  fuel  per  hour  per  lb.  thrust,  as  contrasted 
with  theoretically  predicted  values  of  1.8  lbs.  fuel  per  hour  per  lb. 
thrust. 

Estimates  of  the  supersonic  performance  of  a  shrouded  wavejet,  based 
upon  the  experimental  subsonic  performance,  indicated  that  the  specific 
thrust  would  be  much  less  than  the  theoretical  specific  thrust  of  a  ramjet. 
However,  if  the  theoretical  performance  of  the  wavejet  could  be  more  closely 
approached,  the  performance  of  the  wavejet  would  be  substantially  superior 
to  that  of  the  ramjet  over  the  range  of  flight  speeds  investigated.  It 
is  believed  that  the  low  thrust  values  obtained  were  due,  in  part,  to  low 
combustion  efficiency  and  that  future  emphasis  should  be  placed  upon 
improving  the  fuel  injection  system  and  fuel  mixing  prior  to  combustion. 
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INTRODUCTION 

The  history  of  the  application  of  non-steady  flow  phenomena  to  heat 
machines  dates  back  to  the  turn  of  the  century.  The  original  applications 
were  aimed  at  using  part  of  the  combustion  energy  for  scavenging  and  for 
precompreasion  by  direct  energy  exchange  between  gases.  When  this  energy 
transfer  takes  place  rapidly ,  it  can  best  be  described  as  a  wave  process. 

To  the  early  Investigators,  the  use  of  wave  processes  seemed  very 
attractive,  although  the  basic  mathematical  tools  necessary  for  investiga  g 
these  processes  were  not  developed  and  the  necessary  equipment  for  expari - 
.;icntal  investigation  of  these  transient  phenomena  was  not  available. 

The  first  successful  heat  machine  which  used  waves  for  pre compress ion 
was  the  gas  turbine  of  Hans  Hoizwarth  \  This  machine  consisted  essentially 
of  a  constant-volume  explosion  chamber  which  supplied  hot  high-energy  gases 
to  a  turbine  through  a  system  of  valves.  The  scavenging  and  precompression 
were  accomplished  by  waves  created  during  sudden  overexpansion  of  the  exhaust 
gases.  This  overexpansion  caused  a  high  velocity  inflow  of  cold  gas, 
producing  some  precompression  by  hammer  waves  when  the  exhaust  vaxve  was 
suddenly  closed.  In  his  early  machines,  Hoizwarth  attained  over-all  thermal 
efficiencies  as  high  as  13  per  cent.  Before  his  machine  could  be  perfected, 
rapid  advances  in  the  development  of  the  more  efficient  liesel  and  Otto 
engines  forced  the  virtual  abandonment  of  the  Hoizwarth  gas  turbine. 

Shortly  after  Hoizwarth 's  disclosure ,  other  investigators  became 
interested  in  the  application  of  nonsteady  flow  phenomena  to  aircraft  jet 
propulsion  engines^.  Early  attempts  along  this  line  were  directed  toward 
using  the  Hoizwarth  combustion  chamber  which  used  wave  pre  compression  tc 
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eliminate  the  piston  compressor  of  the  Lorin  jet-propulsion  scheme. 

About  this  time,  it  was  also  suggested  that  natural  resonance  be  used  to 
eliminate  the  valves  of  the  Holzvarth  combustor. 

Further  development  of  nonsteady  flow  engines  after  these  early 
resonator-combustion  types  was  dormant  tr  .  *  1930,  when  P.  Schmidt 

initiated  his  work  in  propulsion.  Schruut,  cow  aing  natural  resonance 
with  pressure-operated  valves,  developed  the  first  successful  prulsejet 
and  won  the  support  of  the  German  government  in  1938.  With  this  support, 
the  development  of  the  pulsejet  progressed  rapidly,  particularly  at  the 
Argus  firm  under  Diedrich  ,  and  by  19^1  the  pulsejet  had  become  the  power 
plant  for  the  well-known  V-l  missile. 

While  the  Ge  naans  were  busy  applying  non  steady  flow  phenomena  to  a 
missile  power  plant,  C.  Seippel*  of  the  Brown  Boveri  Company  of  Switzerland, 
returned  to  the  application  of  nonsteady  flow  to  gas  turbines  in  order  to 
extend  the  operating  range  to  higher  temperatures  and  thereby  improved 
efficiency.  Seippel's  device,  called  the  Comprex,  was  perhaps  the  first 
machine  utilizing  pressure  waves  for  compression  which  attained  a  competi¬ 
tive  efficiency.  Essentially,  the  comprex  consists  of  a  rotating  cylinder 
with  axial  passages  called  wave  guides  arranged  along  the  circumference. 

A  system  of  stationary  nozzles  and  pickups  supply  and  ar?w  off  the  gases 
from  points  along  the  circumference  as  dictated  by  the  wave  phenomena . 

The  position  of  these  nozzles  and  pickups  depends  on  the  proposed  applica¬ 
tion  of  the  unit^.  By  virtue  of  its  compactness,  the  comprex,  with  little 
weight  and  space  addition,  was  expected  to  appreciably  increase  the  efficiency 
of  a  turbine  power  plant. 

The  German  development  of  the  pulse jet  engine  initiated  interest  in 
the  fundamental  nature  of  nonsteady  flow  in  this  country,  and  in  19b7  a 
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program  was  initiated  for  the  investigation  of  intermittent  engines 
under  Project  SQUID  (Contract  N6-orl-10£) . .  The  investigations  under 
this  program  led  to  the  discovery  of  an  intermittent  engine  cycle  which 


promised  relatively  high  efficiency  while  retaining  the  simplicity  of 
the  pulse Jet-type  engine^. 

In  this  engine,  (Figure  1),  a  number  of  individual  parallel  tubes 
were  opened  and  closed  periodically  by  means  of  two  controlled  rotating 
valves  located  at  the  inlet  and  exhaust.  Fuel  which  was  injected  in  the 
vicinity  of  the  exhaust  valve  to  form  a  combustible  .iiixfcvrc  was  then 
allowed  to  bum  and  be  discharged.  Prior  to  the  next  cycle,  it  was  proposed 
that  a  high  precompression  was  to  be  achieved  by  means  of  properly  controlled 
pressure  waves.  This  engine,  employing  wave  phenomena  to  obtain  propulsive 
thrust  and  precomprossion,  was  referred  to  as  a  vavejet  engine.  An  ex¬ 
perimental  engine  was  constructed  using  a  single  tube  model  and  it  was 
observed  that  stable  static  operation  could  be  sustained  over  a  wide  range 
of  operating  parameters.  These  experiments  were  described  in  Project  SQUID 
Technical  Memo  No.  CAL-3^. 

At  the  conclusion  of  this  phase,  the  program  was  transferred  from 
Project  SQUID  to  the  Office  of  Naval  Research  (Contract  No.  Nonr  66$-(00)). 
Under  this  program  theoretical  and  experimental  studies  were  carried  out 
tc  determine  the  performance  of  this  type  of  wave  Jet  engine.  The  theoretical 
investigations  of  the  subsonic  and  supersonic  capabilities  of  this  cycle 
indicated  that  subsonic  performance  would  be  inferior  to  that  of  the  turbo¬ 
jet,  while  supersonic  performance  would  exceed  ramjet  performance  above  the 
operating  limits  of  present-day  turbojet  engines. 

In  order  to  investigate  the  performance  capabilities  in  more  detail, 
it  was  necessary  to  carry  out  a  large  number  of  cycle  studies  using  the 


-  3  - 

CONFIDENTIAL 


CONFIDENTIAL 


7 

technique  of  the  method  of  charge-  .  If  the  proper  cosibuation 

picture  and  boundary  conditions  are  employed,  and  if  heat  conduction  and 
viscosity  effects  are  neglected,  the  method  of  characteristics  is  exact. 

The  characteristic  studies  were  used  to  determine  the  subsonic  capabilities 
of  the  wave jet  engine,  and  from  these  studies  it  was  concluded  that  the 
best  specific  fuel  consumption  values  in  the  subsonic  range  were  approximately 
twice  as  large  as  the  values  for  the  J57  turbojet  engine. 

Such  calculations  were  extremely  tedious,  however,  and  in  order  to 
explore  more  fully  the  supersonic  capabilities  of  this  engine  a  rapid 
method  of  calculation  was  developed,  based  on  similarity  considerations^. 

It  was  found  that  all  operating  characteristics  of  the  engine  could  be 
specified  if  tne  pressure  ratio  across  the  engine  and  the  temperature  ratio 
across  the  engine  were  fixed.  Use  of  these  similarity  parameters  made  it 
possible  to  determine  the  supersonic  performance  from  the  subsonic  performance 
determined  from  characteristic  cycle  studies. 

In  the  course  of  these  theoretical  studies  it  was  concluded  that 
a  basic  improvement  In  the  design  of  the  wave jet  could  be  made  by  properly 
shrouding  the  engine  exit.  Although  calculations  indicated  that  shrouding 
would  reduce  the  subsonic  performance  by  a  small  factor,  the  performance 
at  supersonic  speeds  would  be  improved  by  a  large  factor  over  the  nan- 
shrouded  engine  performance.  The  performance  characteristics  of  the  shrouded 
wave  jet  were  estimated  over  a  large  range  of  Mach  numbers  and  air-fuel  ratios, 
using  the  similarity  considerations. 

The  results  of  these  theoretical  investigations  are  described  in 
Part  I  of  this  report.  Detailed  discussions  may  be  found  in  Ref.  5  and  6. 
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In  the  early  experimental  program,  teste  were  carried  out  with 
single  tube  engines  with  enlarged  cow  bastion  chambers  .  A  full-scale 
multi tube  engine  based  on  the  best  single  tube  configuration  was  constructed 
primarily  to  investigate  the  mechanical  problems  arising  in  such  a  design, 
and  to  determine  the  influence  of  adjacent  tubes  upon  the  individual  tube 
performance. 

It  wae  obeerved  experimentally  that  the  multitube  wavejet  per¬ 
formance  could  be  inferred  frc"i  the  performance  of  the  Individ*. "  1  wave 
tube.  Consequently,  further  testa  were  carried  out  with  single  tube 
engines  to  determine  the  tube  configuration  for  maximum  performance. 

Part  II  cf  this  report  sumoarlses  the  tests  of  single  and  multi¬ 
tube  wavejet  models. 


PART  I  -  THEORETICAL  INVESTIGATIONS  OF  THE  WAVEJET  CYCLE 

A.  Single  Tube  Wavelet  Investigations^ 

The  application  of  the  method  of  characteristics  to  the  study  of 

Intermittent  engines  permits  far  more  accurate  estimates  of  periodic 

engine  performance  parameters  such  as  thrust  per  unit  area,  specific 

fuel  consumption,  compression  efficiency,  and  cycle  time  than  those 

9 

obtained  by  use  of  quaei-steady  methods  . 

The  chief  obstacles  to  accurate  performance  estimates  of  periodic 
engines  are: 

(l)  Lack  of  information  concerning  the  combustion  mode.  Two 
idoaliaed  combustion  irodes  were  assumed  for  purposes  of  calculation. 
These  modes  were  constant  volume  combustion  and  gradual  heat  addition. 
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With  one  exception,  all  the  studies  were  made  for  straight-tube  con¬ 
figurations  operating  with  instantaneous  valve  opening  and  closing 
tines*  Consequently ,  the  results  obtained  did  not  apply  directly  to 
the  first  experimental  engines,  which  required  an  enlarged  combustion 
chamber  for  resonant  operation,  1. e. ,  a  combustion  chamber  area  greater 
than  the  wave  tube  area. 

(2)  Difficulty  in  representing  the  correct  boundary  conditions 
during  outflow  and  inflow.  Although  the  assumption  of  instantaneously 
operating  valves  simplified  the  calculations,  it  is  believed  the  shock 
losses  were  over-emphasised  since,  with  finite  valve  opening  time,  shocks 
would  form  gradually  and  the  entropy  losses  would  consequently  not  be  as 
great.  Qfa  the  other  hand,  this  assumption  tends  to  eliminate  the  actual 
losses  resulting  from  leakage  due  to  the  finite  valve  closing  time. 

Figure  1  is  a  schematic  diagram  of  a  proposed  propulsion  unit 
based  on  a  wavejet  cycle.  As  can  be  seen  from  Figure  1,  the  wavejet 
consists  of  a  number  of  parallel  tubes  which  are  alternately  opened 
and  closed  at  either  end  by  two  rotating  valves.  Fuel  is  injected  in 
each  tube  in  the  region  adjacent  to  the  exhaust  valve  to  form  a  com¬ 
bust!  ole  mixture. 

Figure  2  is  a  typical  wave  diagram  for  this  cycle  constructed 
by  the  method  of  characteristics.  At  the  beginning  of  the  cycle,  air 
is  flowing  through  the  engine  and  fuel  is  added  to  form  a  combustible 
mixture.  The  exhaust  valve  is  closed  (1)  stopping  the  flow  and  causing 
a  hammer  shock  (2)  to  move  upstream.  This  hammer  shock  compresses  the 
combustible  mixture  as  it  propagates  upstream.  When  all  of  the  combustible 
charge  is  compressed,  the  mixture  is  ignited  and  burning  occurs  at  a  constant 
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rat®.  Alter  undergoing  complete  combustion,  the  exhaust  valve  is  opened, 
allowing  the  hot  gases  to  expand  in  &  propulsive  jet  (3)»  The  arrows 
indicate  the  relative  Magnitude  of  the  exhaust  velocities  in  tins. 

Meanwhile  the  hammer  shock,  strengthened  by  ceisbuetion,  continues  to 
propagate  ups  t  re  a*.  It  is  followed  by  the  interface  (ii),  the  i  "gion  sepa¬ 
rating  the  hot  and  cold  gases.  When  the  shock  reaches  the  engine  inlet  (3), 
the  inlet  valve  is  closed  causing  the  shock  to  be  fully  reflected  into  the 
duct  (6).  This  reflected  wave  aids  in  scavenging  the  engine,  as  evidenced 
by  the  sudden  increase  in  exhaust  velocity  (7).  The  upstream  propagating 
expansion  wave  (8)  resulting  from  the  discharge  of  hot  gases  drops  the 
engine  pressure  sufficiently  to  induce  a  fresh  charge  upon  opening  of  t.he 
inlet  valve  (9).  The  cycla  is  than  repeated. 

An  individual  air  particle  may  be  traced  through  the  engine  by 
following  the  dotted  lines.  With  this  configuration  it  is  seen  that 
the  particle  travels  back  and  forth  in  the  duct  three  cycles  before 
reaching  the  combustion  ci»a*ber.  Each  interaction  0f  toL"  particle 
with  the  shock  introduces  an  energy  loss  through  the  entropy  increase 
associated  with  the  shock  wave  and  results  in  a  loss  in  compression 
efficiency. 

Setae  of  the  results  of  these  theoretical  investigations  are  presented 
in  Table  1  to  illustrate  the  effect  of  assumed  combustion  mode,  the  ratio 
of  the  combustion  chamber  length  to  the  over-all  tube  length  and  Mach  number 
upon  engine  performance.  It  will  be  noted  that  changes  in  the  combustion 
chamber  length  ratio,  as  well  ac  diameter  ratio,  have  a  significant  effect 
upon  engine  performance.  By  increasing  the  relative  combustion  chamber 
length,  other  parameters  remaining  constant,  the  thrust  per  unit  area 
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increases  considerably  with  a  corresponding  decrease  in  specific  fuel  consump¬ 
tion.  This  effect  is  due  to  a  reduction  in  the  nmber  of  shock  passages  which 
the  air  undergoes  prior  to  combustion.  In  Ref.  5  detailed  calculations  are 
presented  for  a  large  number  of  engine  configurations  in  the  subsonic  range. 

is  can  be  observed  from  Table  1  and  Figure  3,  even  under  optimal  conditions 
the  specific  fuel  consoaptior.  mlues  in  the  subsonic  speed  range  were  considerably 
larger  than  corresponding  values  for  the  J57  turbojet  engine,  although  the  thins*, 
per  unit  area  exceeds  the  corresponding  v aloes  for  this  turbojet  engine. 

The  characteristics  analyses  were  carried  out  for  constant  area  ware  jets, 
although  it  was  found  necessary  in  the  early  experiments  to  usa  enlarged  combus¬ 
tion  chambers  in  order  to  sustain  rescnant  operation.  The  experimental  program 
was  conducted  at  ram  pressures  equivalent  to  M-0.35.  The  theoretical  studies  were 
conducted  at  flight  Mach  mmbera  of  M-0,  0.65,  and  0.95.  A  considerable  discrep¬ 
ancy  was  observed  between  the  initial  experimental  results  and  the  theoretical 
studies  and  it  wea  not  possible  to  explain  the  large  performance  discrepancies 
solely  by  Mach  number  effect.  Consequently  a  wave  diagram  was  constructed  using 
an  enlarged  combustion  chamber  wave jet  configuration  with  a  flight  speed  of 
M  “  0.35.  This  diagram  showed  that  the  Increase  in  combustion  chamber  area  to¬ 
gether  with  the  relatively  small  effect  of  lower  flight  speed  caused  an  appre¬ 
ciable  decrease  in  the  thrust  per  unit  area  and  an  increase  in  specific  fuel 
consumption,  as  indicated  in  Table  1.  These  values  showed  general  agreement 
with  the  experimental  values,  and  an  experimental  program  was  undertaken  to 
develop  the  constant  area  wave jet  configuration  to  improve  the  specific  three t. 

B.  Shrouded  Wavejet  Investigations^ 

The  major  portion  of  the  characteristic  irrrestigmtions  were  carried 
out  for  the  subeonic  regime.  These  calculations  proved  to  be  extremely 
tedious.  For  example,  the  computation  of  the  performance  at  one  Mach 
number  and  air  fuel  ratio  required  approximately  two  seeks.  It  would 
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have  required  a  major  increase  in  effort  to  obtain  satisfactory  estimates 
of  the  supersonic  capabilities  of  the  wavejet  by  the  characteristic 
procedures.  The  primary  problem  in  extending  the  performance  capabilities 
vas  one  of  developing  a  rapid  method  of  calculation  which  would  give 
information  as  complete  as  that  obtained  using  the  non-steady  flow  tech¬ 
niques. 

Application  of  similarity  considerations  to  the  calculation  of  the 
engine  performance  (See  Appendix  1)  shows  th&c  for  an  engine  of  given 
geometry  all  operating  characteristics  of  the  engine  are  specified  when  the 
pressure  ratio  across  the  engine  and  the  temperature  ratio  across  the 
engine  are  fixed.  The  temperature  ratio  across  engine  can  be  varied 
at  will  by  changing  the  air-fuel  ratio.  Thus,  if  there  were  a  method  of 
maintaining  a  constant  pressure  ratio  across  the  engine  rs  the  Mach  number 
is  varied,  the  performance  of  the  wave  jet  could  be  determined  over  the 
range  of  Mach  numbers  from  a  single  characteristic  diagram.  It  was  concluded, 
that  by  employing  the  correct  convergent-divergent  nozzle,  or  shroud,  at 
the  wave Jet  exit  (Figure  U) ,  the  pressure  ratio  across  a  multitube  engine 
could  be  controlled.  If  the  shroud  did  not  adversely  effect  engine  per¬ 
formance,  the  suggested  procedure  for  stretching  the  region  of  applicability 
of  a  wave  diagram  would  be  successful.  Upon  investigation  it  was  found 
that,  although  shrouding  reduced  subsonic  performance  by  a  small  factor, 
the  performance  at  supersonic  speeds  was  improved  significantly. 

B|y  "miH ng  use  of  the  foregoing  similarity  considerations,  the 
performance  characteristics  of  the  wave Jet  have  been  estimated  over  a 
wide  range  of  Mach  numbers  and  air-fuel  ratios.  The  results  of  these 
studies  are  as  accurate  as  those  obtained  by  the  method  of  characteristics. 
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The  variation  of  sea  level  thrust  per  unit  area  vitfa  specific 
fuel  consumption  and  Mach  number  is  shown  in  Figure  3  for  the  shrouded 
vavejet  and  compared  with  the  ramjet  and  the  J57  turbojet.  These  calculations 
were  carried  out  assuming  constant  area  mixing,  with  expansion 
of  the  fully  mixed  exhaust  to  the  maximum  duct  diameter.  Preliminary 
analyses  indicated  that  use  of  the  constant  area  mixing  chamber  would  not 
significantly  increase  the  over- all  length  of  the  engine. 

It  cai  be  seen  from  Figure  3  that  the  theoretical  performance  of 
the  shrouded  wave  jet  is  superior  to  the  ramjet.  At  a  Mach  number  of  2  the 
wave  jet  has  a  30  per  cent  lower  specific  fuel  consumption  than  the  ramjet. 


PART  n 


EXP! 


arii.o 


JTAL  KAVEJET  FROCSAM 


A.  Single  Tube  Enlarged  Combustion  Chamber  Ware  jet 

To  test  the  validity  of  the  preliminary  theoretical  calculations 

* 

which  indicated  that  the  cycle  would  be  stable  and  that  the  engine  would 
operate  statically  (i.e.,  without  ram  air),  an  exploratory  modal  was 
built  and  firot  tested  on  December  29,  19U9^.  Since  each  tube  of  the 
engine  could  be  considered  to  operate  independently,  it  was  possible  to 
restrict  this  preliminary  investigation  t-  v  'tingle-wave  tube.  The 
preliminary  experiments  disclosed  that  a  -ion  chamber  larger  than  the 

wave  tube  area  was  necessary  to  sustain  periwxc  combustion  and  stable 
static  operation. 


Stability  of  operatic a  is  defined  for  the  purposes  of  this  report  as  the 
ability  of  a  configuration  to  tolerate  small  de»  lotions  from  optimum  rpn  and 
phase  position  as  well  as  the  ability  to  operate  over  a  vide  range  of  fuel  flows. 
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Under  the  ONR  program  a  test  bed  was  designed  to  insure  flex¬ 
ibility  with  respect  to  configuration  changes,  (Figure  5)»  The  com¬ 
bustion  chamber  and  ware  tubes  were  of  circular  cross  section  and  could 
easily  be  remove  *-oa  the  test-bed  frame  for  modification.  A  set  of  valve 
plates  covering  the  feasible  range  of  open-to-closed  area  ratio  was 
fabricated.  Valve  clearances  were  adjustable  fro*  scrape  contact  to  l/h * 
clearance.  The  phase  relation  between  the  inlet  and  exhaust  valve  could 
be  controlled  during  a  run  through  the  use  of  a  differential-type  gear 
train.  Valve  frequency  was  controllable  over  a  range  of  0  to  130  cps  by 
means  of  an  independent  electric  drive. 

The  initial  performance  measured  on  this  test  bed  was  poor,  and 
the  static  specific  fuel  consumption  was  about  12  lb.  fuel  per  hr .  per 
lb.  thrust.  However,  the  engine  demonstrated  remarkable  stability,  and 
it  was  possible  to  start  the  engine  statically  (without  ram  air)  when  the 
correct  valve  frequency  and  phase  angle  were  selected  before  a  run.  The 
high  specific  fuel  consumption  values  were  not  unexpected,  since  the  initial 
configuration  was  chosen  from  the  limited  inf ormat ion  available  from  t  ,e 
first  few  wave  diagrams .  While  additional  inf orsation  might  have  been 
obtained  from  further  wave  diagrams,  many  assumptions  were  necessary  about 
which  there  was  little  experimental  verification.  In  particular,  there 
were  many  possible  combustion  models,  and  when  design  calculations  were 
carried  out  by  the  method  of  characteristics, conflicting  information  was 
obtained  about  valve  siaa  fiid  phase  relations-  Therefore,  the  initia-*. 
configuration  was  arbitrary  and  only  served  as  the  starting  point  of  this 
program.  The  data  obtiino  ’  from  this  program  was  then  used  to  narrow  the 
range  of  configurations  studied  and  to  provide  a  better  understanding  of 
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the  necessary  assumptions  involved.  A  more  detailed  account  of  these 
experiments  mj  be  found  in  Project  SQUID  Technical  Memorandum  No.  CAI-35 
August  1951. 

Since  the  combustion  process  was  not  accurately  represented  in  the 
characteristics  diagrams,  the  ratio  of  open-to-closed  time  could  not  be 
accurately  determined.  It  was  therefore  necessary  to  study  the  effect  of 
changes  in  the  valve  lobe  angle,  Figure  5.  Although  the  actual  thrust 
values  were  not  always  measured  during  a  run,  the  mean  pressure  in  the 
wave  tube  served  as  an  index  of  performance.  Previous  experiments  had 
shown  that  the  output  of  a  given  tube  geometry  was  always  proportional 
to  the  mean  pressure  in  the  tube.  The  valve  plates  tested  were  of  the 
double  lobe  type,  with  a  complete  wave  cycle, therefore,  covering  100°. 
Initially,  the  lobe  an$;l«  was  90°  for  both  the  inlet  and  exhaust  valve. 
After  a  prolonged  serins  of  runs,  in  which  meiy  valve  plates  were  tested 
and  discarded,  the  optimum  lobe  angle  was  found  to  be  near  05°*  L 
difference  in  lobe  angle  of  as  little  as  2°  was  detectable  in  the  per¬ 
formance.  Later,  theso  same  valve  plates  were  tested  on  a  different  wave 
tube  geamstry  and  the  optimum  lobe  angle  was  found  to  be  03  for  the 
inlet  and  66°  for  the  exhaust. 

During  these  valve  plate  tests,  certain  anomalies  were  noted.  A 
configuration  which  was  capable  of  stable  static  operation  would  suddenly 
fail  to  operate  statically,  and  even  under  ram  conditions,  the  mean 
pressures  and  gross  thrust  values  were  low.  A  careful  inspection  of  the 
wave  tube  and  combustion  chamber  of  th  iee  configurations  revealed  that 
failure  to  operate  statically  occur  *'*’  whan  the  exhaust  port  buckled 
slightly  and  increased  the  exhaust  area.  These  failures  were  unexpected* 
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since  no  specific  Investigation  o f  such  effects  were  conducted  using  the 
aethod  of  characteristics.  It  has  always  been  assumed  In  these  calculations 
that  the  valve  plate  closed  instantaneously  when  the  interface  between  the 
exhaust  gas  and  fresh  charge  reached  the  exhaust  port'’.  However,  during 
actual  wave  engine  operation  the  entire  charge  of  hot  exhaust  gases  nay  be 
swept  out  during  the  finite  valvs  closing  tine  if  the  exhaust  part  area 
is  too  large.  The  loss  of  tha  entire  charge  of  hot  gas  appeared  to  suppress 
re ignition.  In  order  to  determine  the  extent  of  this  effect,  a  special 
combustion  chamber  was  constructed  with  a  gate  valve  exhaust  nosale, 
allowing  a  continuous  range  of  exhaust  areas  to  be  tested.  With  this 
special  exhaust  nosale,  the  allowable  range  of  exhaust  port  areas  erne  found 
and  the  optimum  area  determined  (approximately  7/10  of  the  wave  tube  area) » 

In  view  of  the  large  effect  of  changes  in  exhaust  area  on  the  engine  per¬ 
formance,  all  future  configurations  were  optimised  on  the  bails  of  this 
parameter.  The  effect  was  found  to  be  nost  noticeable  for  the  smaller 
diameter  conbuation  chambers  (below  5  inches). 

The  next  configuration  variable  to  be  studied  was  the  effect  of 
valve  plate  clearance.  Tests  were  made  of  several  different  configurations 
with  the  valve  plate  clearances  varying  between  1/8  inch  and  l/6k  inch. 
Unfortunately,  these  testa  could  not  be  conducted  for  clearances  below 
l/bh  inch,  as  there  was  sufficient  "wobble*  in  the  valve  plates  to  cause 
interaittent  scraping,  causing  the  required  valve  driving  power  to  exceed 
the  capacity  of  the  drive  motor.  Also,  the  evaluation  of  these  testa  was 
somewhat  difficult,  since  the  test  bed  would  warp  slightly  during  hot 
operation,  affecting  tha  clearances  during  the  run.  However,  it  was 
possible,  after  repeated  tests,  to  determine  the  range  of  clearances 
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necessary  for  performance  testing.  All  configurations  tested  showed  marked 
increase  in  performance  as  the  clearances  were  decreased  to  about  1 /6h  inch, 
below  this  point  the  clearances  could  not  be  maintained.  No  configuration 
would  operate  statically  with  clearances  above  3/32  inch. 

Valve  plate  phase  relations  and  frequency  were  not  investigated 
separately  as  configuration  variables.  Due  to  the  ease  with  which  these 
variables  could  be  changed  during  each  run,  all  data  was  taken  at  the  valve 
phase  and  valve  frequency  of  best  performance.  An  interesting  effect 
was  noticed  during  these  tests,  which  greatly  aided  in  selecting  the 
proper  phase  relation  between  valve  plates.  While  the  engine  was  being 
adjusted  and  phase  angle  changed,  the  noise  level  to  an  observer  facing 
the  inlet  valve  would  be  reduced  suddenly  and  markedly  when  the  proper 
phase  was  reached.  This  noise  reduction  was  in  agreement  with  the  wave 

r* 

diagrams'’,  which  indicated  that  for  proper  phasing,  the  combustion  pressure 
wave  should  be  fully  reflected  back  into  the  tube.  The  increase  in  noise, 
caused  by  out-of-phase  operation,  was  due  to  part  of  this  combustion 
pressure  wave  escaping  through  the  inlet. 

The  single  tube  test  bed  was  modified  to  facilitate  changes  in 
combustion  chamber  geometry  since  theoretical  studies'*  and  previous  single 
tube  tests  had  shown  that  combustion  chamber  modifications  had  the  greatest 
effect  upon  the  engine  performance.  It  was  also  desired  at  this  time  to 
test  the  »Jngle  tube  engine  under  raa  conditions.  Therefore,  a  soiled 
diffuser  cowl  section  connected  to  a  venturi- type  flowmeter  (figure  6) 
was  mounted  around  the  inlet  valve  section.  The  volume  of  the  cowl  section 
was  sufficient  to  t  nearly  all  nonste.ufy  flow  oscillations  created 

at  the  engine  inlet  allowing  steady  mass  flos  measurement  at  the  venturi. 
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The  net  thrust  was  then  computed  by  subtracting  from  the  measured  gross 

XL) 

thrust  the  inlet  momentum  term  . 

The  first  combustion  chamber  tested  had  a  length  ratio  of  l/2. 

This  designation  is  used  to  describe  that  fraction  of  the  total  engine 
length  which  the  combustion  chamber  occupies.  This  selection  was  influenced 
by  the  theoretical  studies  which  indicated  that  increased  combustion  chamber 
length  would  improve  the  engine  performance.  While  this  engine  resonated 
with  ram  air,  it  was  not  sufficiently  stable  for  static  operation  or  the 
measurement  of  performance.  In  view  of  the  poor  performance  of  this 
combustion  chamber,  an  engine  with  a  combustion  chamber  length  ratio  of  l/li, 
similar  to  an  engine  that  had  been  previously  tested  on  the  early  single 
tube  test  bed,  was  mounted  to  determine  whether  the  test  bed  modifications 
had  adversely  affected  the  engine  operation.  This  configuration  was  stable 
and  operated  statically  over  a  wide  range  of  air -fuel  ratios. 

With  this  configuration,  gross  thrust  values  of  up  to  2  psi  (based 
on  the  diameter  of  the  wave  tube)  were  obtained  with  a  specific  fuel 
consumption  of  approximately  3  lb. /hr. /lb.  While  there  was  considerable 
scatter  from  run  to  run,  it  vas  apparent  that  there  was  a  sharp  increase 
in  specific  fuel  consumption  at  lower  air-fuel  ratios.  With  this  configuration, 
as  well  as  with  subsequent  configurations,  the  engine  was  found  to  be  extremely 
sensitive  to  changes  in  valve  clearances  and  exhaust  port  aroa.  Although 
these  changes  in  configuration  were  small  and  difficult  to  eliminate ,  their 
effect  upon  engine  performance  was  evidenced  by  the  scatter  of  the  test 
results.  The  valve  clearances  and  exhaust  port  areas  would  vary  during 
hot  operation  and  from  one  test  run  to  another  as  a  result  of  the  accumu¬ 
lation  of  permanent  damage  arising  from  thermal  stresses. 
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After  completion  of  the  static  tests,  the  cowling  was  installed 
and  the  engine  was  tested  to  the  limit  of  blower  supply  air  (M  -  0.1*0) . 

The  measured  thrust  per  unit  area  did  not  differ  appreciably  from  the  values 
obtained  in  the  static  tests,  indicating  no  marked  ram  effects  at  these  lew 
Mach  numbers.  Visual  inspection  of  the  exhaust  at  maximum  fuel  flow  led 
us  to  suspect  that  considerable  burning  was  taking  place  outside  the  tube. 
Consequently,  Or  sat  equipment  was  installed  in  an  effort  to  determine 
the  combustion  efficiency  tjy  the  analysis  of  the  exhaust  gases.  After  a 
series  of  tests,  the  Orsat-measured  air-fuel  ratios  were  found  to  differ 
from  the  ai^fuel  ratio  as  de  to  mined  by  measured  mass  flew.  It  was 
suspected  that  this  discrepancy  was  due  to  the  nen steady  nature  of  the 
engine  exhaust,  and  after  a  series  of  tests  with  various  sampling  pipes  it 
was  concluded  that  this  method  of  analysis  could  not  be  used  in  its  present 
form.  Its  use  was  therefore  discontinued. 

Recalling  that  the  l/k  combustion  chamber  length  ratio  exhibited 
far  more  stability  than  the  1/2  combustion  chamber  length  ratio  engine, 
it  was  decided  to  shorten  the  combustion  chamber  length  ratio  to  1/5 » 
in  order  to  determine  whether  the  optimum  combustion  chamber  length  had 
been  reached.  With  a  ratio  of  1/5 »  the  engine  performance  was  superior 
with  respect  to  stability,  although  the  maximum  tnrust  per  unit  area  was 
decreased.  However,  at  high  fuel  flows,  the  increase  in  specific  fuel 
consumption  was  even  more  marked  than  when  the  combustion  chamber  length 
ratio  was  l/U.  Since  the  fuel  injectors  were  closer  to  the  exhaust  port, 
it  was  suspected  that  this  engine  discharged  more  unburned  fuel.  In  an 
attempt  to  alleviate  this  situation,  the  fuel  injectors  were  modified  so 
as  to  inject  directly  upstream,  but  no  apparent  improvement  was  observed. 
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,sJext  the  injection  system  was  replaced  with  small  capacity  fuel  nozzles 
mounted  on  the  forward  reducing  section  of  the  combustion  chamber,  and 
operated  at  increased  fuel  injection  pressure.  A  specific  fuel  consumption  f 
of  2.3  was  obtained  with  this  engine  with  the  latter  method  of  fuel 


injection. 

In  order  to  complete  the  study  of  the  effect  of  combustion  chamber 
length  upon  engine  performance  the  combustion  chamber  of  length  ratio  1/5 
was  replaced  with  a  combustion  chamber  of  length  ratio  3/10.  While  this 
configuration  yielded  approximately  the  same  maximum  thrust  per  unit 
area,  the  specific  fuel  consumption  was  somewhat  higher  and  the  engine 
operation  less  stable. 

The  performance  of  these  engine  configurations  is  summarized  in 
Table  2.  The  data  indicated  that  the  shortest  combustion  chamber  tested 


had  the  lowest  specific  fuel  consumption  and  exhibited  the  greatest 
stability.  However,  the  thrust  per  unit  area  of  the  longer  combustion 
chamber  length  ratios  was  somewhat  higher.  It  should  be  pointed  out  here 
that  none  of  the  configurations  tested  have  demonstrated  the  high  thrust 
per  unit  area  predicted  by  the  method  of  characteristics,  Table  1.  In 
view  of  this  poor  correlation  with  theory,  a  more  detailed  study  of  the 
engine  cycle  was  carried  out.  This  theoretical  study  involved  the  same 
assumptions  and  procedures  used  in  the  previous  theoretical  engine  studies, 
with  the  exception  that  an  enlarged  combustion  chamber  was  assumed,  having 
a  combustion  chamber  to  wave  tube  area  ratio  of  2.  The  study  indicated  a 
marked  decrease  in  w:e  theoretical  performance  with  increased  combustion 
chamber  area,  Table  1,  and  thrust  per  unit  area  values  more  in  agreement 
with  experiment  results,  Table  2. 
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B,  Mnltltube  Wavejet  Engine 

In  order  to  study  the  relationship  between  the  multitube  and  single 
tube  performance  and  investigate  the  mechanical  problems  peculiar  to  the 
muititube  engine,  a  2l*-tube  unit  was  designed  and  constructed.  The  individual 
wave  tube  design  was  based  upon  the  geometry  employed  In  the  single  tube 
configuration  yielding  the  best  performance.  Ho.  ^ver,  the  cross- sectional 
area  of  each  tube  was  sectoi’-shaped  rather  than  circular.  The  single  tube 
cross-sectional  areas  and  area  ratios  were  maintained  and  thj  Included 
angle  of  each  tube  was  selected  to  be  15°,  so  as  to  form  a  completely 
symmetrical  engine  with  2h  individual  tubes,  Figs *7#  8»  and  9. 

The  exhaust  valve  was  designed  as  a  centrifugal  pump  which  would 
induce  air  through  the  engine  core  and  expell  it  through  th>  valve  periphery 
to  aid  in  valve  cooling.  The  combustion  chambers  received  fuel  from  a 
common  manifold.  Four  equally  spaced  wave  tubes  were  ignited  try  an  external 
spark  ignition  system,  while  the  remaining  tubes  were  ignited  by  controlled 
hot  gas  leakage  through  combustion  chamber  ports.  In  addition,  the  engine 
was  equipped  with  a  differential- type  phase  changer  to  regulate  the  phase 
difference  between  the  inlet  and  exhaust  valve  during  operation.  For 
measurement  of  thrust,  the  nultitube  wave  engine  was  mounted  on  a  null- 
type  indicating  thrust  stand.  The  inlet  momentum  was  determined  by 
measurements  of  the  mass  flow  in  the  intake  diffuser  which  was  attached 
to  the  engine  inlet  and  connected  to  the  high  pressure  air  supply  systen, 

Figs. 8  and  9. 

During  tests  with  this  engine s  although  stable  multitube  operation 
could  be  obtained,  thermal  stresses  resulted  in  the  w&rpage  of  the  valve 
pxate  and  distortion  of  the  engine  supports,  which  resulted  in  valve  binding. 
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Although  the  effect  of  the  thermal  stresses  on  the  exhaust  ralre  was 
reduced  by  water  cooling,  the  combusti  on  chambers  became  so  badly  warped 
that  testing  of  all  2h  units  could  not  be  carried  out  without  considerable 
engine  repair.  The  severe  warpage  of  the  combustion  chamber  prevented 
operation  of  a  msaber  of  the  wave  tubes,  resulting  in  a  low  average 
combustion  chamber  pressure  (Table  2).  In  addition,  the  tubes  which  were 
in  operation  exhibited  widely  differing  mean  engine  pressures  in  contrast 
to  the  evenly  balanced  pressures  observed  in  preliminary  tests. 

Before  tests  with  the  multi  tube  unit  engine  were  discontinued,  a 
number  of  tests  were  carried  out  with  the  individual  tubes  which  showed 
the  greatest  distortion.  Resonant  operation  could  be  sustained  In  these 
units  using  ram  air,  although  the  measured  performance  was  much  lower  than 
that  previously  obtained  with  single  tube  units  of  circular  cross  section. 

During  the  valve  development  program,  tests  were  also  c  arrled  out  to 
determine  the  effects  of  tube  interactions  upon  single  engine  performance. 

In  order  to  observe  these  tube  interactions,  the  individual  tubes  of  the 
multi  tube  engine  were  operated  singly  and  in  groups.  From  these  experiments, 
it  was  ooneluded  that  the  tube  interactions  did  not  adversely  affect  the 
performance,  inasmuch  as  multitude  operation  resulted  in  small  favorable 
increases  in  mean  engine  pressures.  However,  the  observed  specific  values 
of  the  individual  tubes  and  the  multitube  units  were  lo.  compared  with  the 
improved  single  tube  data  which  was  then  becoming  available.  Since  it 
appeared  that  the  performance  of  the  multitude  engine  could  be  determined 
from  studies  of  the  single  tube  unit,  further  tests  were  restricted  to 
investigations  with  single  tube  units. 
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C.  Constant  Area  Wave jet  Engine 

The  theoretical  results  summarized  in  Table  1  indicated  that  a  major 
improvement  in  engine  performance  could  be  a  c  hie  red  by  employing  a  combus¬ 
tion  chamber  diameter  equal  to  that  of  the  wave  tube,  as  illustrated 
in  Figure  2.  In  particular,  the  calculations  indicated  that  the  straight- 
tube  engine  would  possess  a  much  higher  thrust  per  unit  area  than  the 
enlarged  combustion  chamber  configuration. 

Early  attempts  to  maintain  burning  in  a  straight-tube  were  not 
successful.  Experiments  at  the  Aero  physics  Development  Corp.^  indicated 
that  combustion  could  be  sustained  in  a  straight-tube  by  heating  the  combus¬ 
tion  chamber  walls  to  temperatures  sufficient  to  support  ignition.  The 
hot  wall  combustor  technique  was  immediately  considered  as  a  method  of 
reducing  the  combustion  chamber  disaster  of  the  C.A.L.  wave  Jet  while  sus¬ 
taining  combustion. 

In  order  to  obtain  some  degree  of  wall  temperature  control,  various 
thicknesses  of  asbestos  tape  were  wrapped  around  the  combustion  chamber. 

The  preliminary  testa  with  this  configuration  were  conducted  to  determine 
the  amount  of  insulation  necessary  far  high  wall  temperatures  and  reasonably 
long  chamber  life.  The  combustion  chamber  temperatures  were  recorded 
during  these  tests  with  an  optical  pyrometer  and  the  necessary  vail  temp¬ 
erature  was  found  to  be  approximately  16uucF.  These  tests  also  indicated 
that  the  engine  could  be  made  to  resonate  and  to  yield  gross  specific 
thrusts  of  3  pai  at  moderate  fuel  consumptions.  In  addition,  it  vas  noted 
that  the  increased  mean  engine  pressure  exceeded  the  fuel  injection 
pressures  available  and  reduced  the  fuel  flow  in  the  engine.  To  counteract 
the  effect  of  the  higher  mean  engine  pressures  and  to  improve  fuel 
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atomization  ,  a  high  pressure  fuel  supply  and  metering  system  was  installed - 
This  system  incorporated  a  Potter  turbine  type  electronic  flow  indicator 
with  a  pressure  range  of  0-1000  psi  and  fuel  flow  range  of  0.07  to  7.0  gpm. 

To  evaluate  the  effects  of  the  important  engine  variables  such  as 
fuel  injection  system,  valve  angle,  and  valve  speed  upon  the  engine  per¬ 
formance  of  the  constant  area  wave Jet  engine,  tests  were  conducted  in  a 
low  pressure  free  air  blast  of  0-2$0  mph.  The  fuel  injection  system  was 
studied  first  to  determine  the  optimum  location,  size  and  number  of  fuel 
injectors  and  fuel  injection  pressure.  Fuel  injectors  were  installed 
individually  and  in  combination  at  various  locations  along  the  axis  of 
the  engine  directed  both  upstream  and  downstream,  as  well  as  radially. 

The  results  of  these  tests  indicated  that  the  best  fuel  system  evaluated 
consisted  of  two  low  capacity  fuel  injectors  (7.5  gph),  diametrically 
opposed  at  a  point  midway  along  the  axis  of  the  wave jet  (upstream  of  the 
combustion  chamber) ,  operating  near  the  maximum  fuel  injection  pressure. 

During  the  second  phase,  tests  were  carried  out  to  determine  the 
effect  of  changes  in  valve  plate  configuration  upon  engine  performance. 

The  results  of  this  program  were  inconclusive,  since  the  effect  of  valve 
clearances  far  outweighed  the  effect  of  changes  in  valve  lobe  angle. 

However,  the  most  stable  valve  configuration  utilized  an  inlet  valve  with 
a  lcoe  angle  of  83°  and  an  exhaust  valve  with  «i  lobe  angle  of  86°. 

In  view  of  the  dominating  influence  of  the  valve  leakage  upon 
engine  performance,  a  program  was  undertaken  to  reduce  the  valve  clearance. 
New  valve  plates  were  installed  and  the  cold  clearances  adjusted  to  about 
0.020  in.  Initial  tests  with  this  engine  yielded  ms  an  engine  pressures 
of  12  psi  gags  (approximately  twice  previously  attained  maximum  mean  engine 
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prnsurea)  with  about  18  lbs.  groea  thrust.  Further  refinements  mack?  it 
possible  to  adjust  the  exhaust  valve  cold  clearances  to  values  as  low  as 
0.0015  in.  However,  during  resonant  operation  with  these  clearances  it  was 
observed  by  sighting  across  the  engine  exhaust  ports,  that  the  valve  clear¬ 
ances  increased  considerably.  It  was  possible  that  this  effect  resulted  from 
sone  type  of  valve  distortion  or  deflection  during  resonant  operation. 

This  possibility  was  investigated  by  using  thicker  valve  plates,  a  noticeable 
improvement  in  performance  was  achieved  with  these  valves. 

Hie  results  of  these  low  Mach  number  tests  are  summarized  in  Fig.  10 
and  11.  Due  to  the  sensitivity  of  the  experimental  engine  to  valve  phasing, 
valve  speed,  valve  clearances  and  the  physical  condi ticnof  the  engine, 
there  was  a  considerable  scatter  in  the  test  data.  In  order  to  simplify  the 
qualitative  interpretation  of  the  test  data,  only  the  upper  and  lower  limits 
have  been  plotted. 

Since  improved  specific  thrusts  were  obtained  with  the  hot  wall 
caab'  *  ;ion  chamber  wave  Jet  at  low  subsonic  Mach  nimberr  sts  were 
extended  to  the  higher  subsonic  range,  in  order  to  evaluate  the  effect 
of  Mach  number  upon  engine  performance.  The  air  supply  used  for  those 
tests  consisted  of  a  ¥-1710  Allison  aircraft  engine  driving  an  Allison 
¥-3li20  double-stage  supercharger.  The  initial  wavejet  engine  configuration 
tested  was  based  upon  the  previous  low  speed  tests.  These  tests  were 
conducted  at  ram  air  total  pressures  of  up  to  11  psig.  Frcm  these  testa 
it  was  evident,  Fig.  12,  that  the  engine  operated  at  choked  exhaust 
conditions  with  ram  total  pressures  of  6  peig  and  shove.  This  engine 
exhibited  gross  specific  thrusts  of  3  to  3-1/2  lbs.  per  sq.  inch  with 
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specific  fuel  consumption  based  on  a  gross  thrust  of  U  lbs.  of  fuel  per 
hour  per  lb.  thrust  and  mean  engine  pressures  of  up  to  2  atmospheres  gage. 
Improved  gross  specific  thrusts  of  !j  and  1-1/2  lbs.  per  sq.  inch  at  a  ram 
total  pressure  of  10  psi  were  obtained  during  additional  tests. 

In  order  to  determine  the  extent  of  inlet  momentum  losses  for 
thrust  corrections,  a  1"  x  2"  venturimeter  was  connected  directly  to  the 
high  speed  air  supply  and  to  a  sealed  diffuser  around  the  engine  inlet. 

The  latter  connection  consisted  of  a  fixed  bellows  to  allow  for  thrust 
measurement.  The  results  of  tests  under  these  conditions  indicated 
considerably  lower  values  of  gross  specific  thrust  (1-1/2  to  2  psi) 
than  were  previously  obtained.  In  view  of  the  apparent  adverse  affects 
of  the  venturimeter  upon  the  wave  jet  engine  performance,  the  venturimeter 
was  removed  to  verify  the  earlier  performance  data.  The  gross  specific 
thrust  was  again  observed  to  be  about  1  psi. 

An  alternate  method  of  determining  the  inlet  momentum  losses 
employed  a  disconnected  air  supply  with  pressure  survey  rakes  located  in 
the  constant  area  section  of  the  sealed  diffuser.  These  tests  indicated 
no  adverse  effects  upon  the  engine  performance  but  rather,  with  improved 
exhaust  valve  clearances,  higher  gross  specific  thrust  of  over  6  psi  were 
observed,  and,  in  addition,  yielded  necessary  information  for  the  calculation 
of  the  inlet  losses,  Fig.  13.  Fig.  11  to  17  summarize  the  performance  of 
the  single  tube  constant  area  wave jet,  corrected  for  inlet  momentum  losses. 

The  high  pressure  tests  indicated  that  a  choked-exit  condition  was 
obtained.  Since  at  the  choked-exit  condition  the  engine  periormance  would 
not  be  sensitive  to  ambient  pressure  conditions  at  the  exit ,  it  became 
possible  to  extrapolate  the  subsonic  performance  of  this  engine  to  determine 
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the  supersonic  capabilities  in  tiie  same  manner  in  which  the  theoretical 
calculations  of  the  subsonic  performance  were  extrapolated  to  determine 
the  supersonic  capabilities. 

The  supersonic  performance  based  on  the  observed  pressure  and 
temperature  ratios  obtained  in  the  high  pressure  experimental  tests 
was  calculated,  assuming  that  the  supersonic:  geometry  would  be  that  of 
Figure  k,  and  that  the  pressure  and  teaperat\ire  ratios  across  the  wave 
tube  remained  constant.  The  results  of  these  extrapolations  are  shown 
in  Figures  18  and  19,  and  are  compared  with  the  performance  of  the  J-57 
turbojet  and  the  ramjet  at  sea  level  conditions. 

Figure  18  is  a  comparison  of  the  available  specific  thrust  as  a 
function  of  flight  Mach  number  for  the  wavejet  based  on  the  maximum 
observed  experimental  performance.  The  extrapolated  thrust  capabilities 
of  this  engine  indicated  very  low  specific  thrust  values  when  compared 
with  the  ramjet  above  a  Mach  number  of  1.  At  a  Mach  number  of  2  the  value 
of  specific  thrust  was  approximately  one-fourth  that  of  the  ramjet. 

Figure  19  Indicates,  hcwever,  that  somewhat  lover  specific  fuel  consumption 
values  would  be  obtained. 

Previous  extrapolations  of  the  shrouded  wavejet  performance  based 
upon  the  results  observed  at  a  Mach  number  of  0.3  indicated  that  the  specific 
thrust  would  be  approximately  30  per  cent  greater  than  that  of  the  ramjet 
with  a  corresponding  decrease  in  the  specific  fuel  consumption.  The 
experimental  investigations  at  high  subsonic  Mach  numbers  indicated  that 
the  increase  in  performance  expected  as  a  result  of  the  increase  in  ram 
pressure  was  not  achieved.  Figure  17  shows  the  extrapolated  thrust  increase 
as  compared  with  that  observed  experimentally.  This  large  discrepancy 
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is  believed  to  be  primarily  due  to  extremely  poor  combustion  efficiencies 
at  the  higher  ram  pressures.  Tnis  is  further  illustrated  in  Figure  20  s 
where  the  calculated  performance  of  the  individual  wave  tube  is  compared 
with  the  best  observed  experimental  values.  The  mearured  air-fuel  ratios 
indicate  excessively  rich  air-fuel  mixtures.  The  use  of  tne  high  pressure 
Monarch  nozzle  fuel  injection  system  may  have  resulted  in  extremely  poor 
mixing  prior  to  combustion,  as  well  as  excessive  waste  of  fuel,  since 
the  burning  process  was  intermittent. 


CONCLUSIONS 

The  results  of  the  theoretical  investigations  of  the  wavejet 
engine  have  suggested  that  the  wavejet  shows  considerable  promise  as  e, 
supersonic  power  plant.  The  characteristic  investigations  which  were 
carried  out  to  determine  the  subsonic  performance  have  shown  that  relatively 
large  values  of  specific  thrust  can  be  achieved  in  these  engines,  although 
the  specific  fuel  consumption  values  are  approximately  twice  as  large  as 
those  of  conventional  turbojet  engines.  Optimum  specific  thrust  values 
at  a  Mach  number  of  0.65»  for  example,  were  calculated  to  be  approximately 
12  lbs.  per  sq.  lncl^  with  correspondiijg  specific  fuel  consumption  values  of 
1.9  lbs.  of  fuel  per  hour  per  lb.  thrust,  fhese  studies  wore  made  with 
straight-tube  wavejet  configurations.  Studies  were  also  carried  out  for 
wave  tubes  with  enxarged  conbustion  chambers  and  indicated  that  the  per¬ 
formance  would  be  considerably  decreased  with  this  configuration. 
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In  the  supersonic  range  the  performance  capabilities  of  the  multi- 
tube  engine  were  determined  by  the  application  of  similarity  considerations 
which  enabled  the  extrapolation  of  subsonic  characteristic  calculations 
to  the  supersonic  regime.  It  was  found  that  this  procedure  could  be 
applied,  provided  choked  exit  conditions  across  the  engine  were  obtained, 
which  oermitted  the  pressure  ratios  and  temperature  ratios  across  the  engine 
to  be  held  constant.  It  was  found  that  by  properly  shrouding  the  wave jet, 
the  pressure  ratios  could  be  controlled.  Large  gains  in  performance  were 
predicted  with  proper  shroud  design.  The  results  of  these  studies  indicated 
that  the  wavejet  should  be  superior  in  performance  to  the  ramjet  at  super¬ 
sonic  speeds,  and,  consequently,  suggested  that  tne  wavejet  shows  considerable 
promise  as  a  supersonic  power  plant. 

The  experimental  performance  of  uie  individual  wave  tubes  has  not 
as  yet  indicated  values  in  agreement  with  the  theoretical  predictions. 

Testa  with  the  early  single  tube  units  indicated  extremely  poor  specific  thrust 
and  specific  fuel  consumption  values  which  could  primarily  be  attributed 
to  the  enlarged  combustion  chamber  geometry  employed.  These  tests  did 
indicate,  however,  that  stable  static  operation  could  be  achieved  over  a 
wide  range  of  operating  parameters. 

The  characteristics  investigations  were  carried  out  under  the 
assumption  that  each  tube  of  the  engine  could  be  considered  as  a  separate 
unit,  k  multitube  engine  was  constructed,  based  or  the  early  wave  tube 
design,  to  investigate  primarily  the  effect  of  tube  interactions  upon 
individual  tube  performance  and  to  determine  the  effect  of  major  problems 
involved  in  the  full-scale  engine  operation.  Those  tests  showed  that  the 
presence  of  adjacent  tubes  did  not  adversely  affect  the  individual  +ube 
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operation  and,  consequently,  that  future  investigations  could  be  restricted 
to  single  tube  studies.  A  number  of  mechanical  problems  were  observed, 
primarily  as  a  result  of  warpage  )f  the  combustion  chamber  walls  and  valve 
plates  due  to  the  high  temperatures,  which  made  the  maintenance  of  close 
valve  clearances  difficult.  Although  valve  warpage  problems  were  solved, 
the  internal  wall  warpage  problems  were  not  eliminated  in  the  tests. 

In  order  to  improve  performance  of  the  single  tube  engine,  tests 
were  conducted  with  constant  area  tubes.  In  these  tests  it  was  found  that 
reignition  could  be  achieved  by  use  of  a  hot  wall  combustion  chamber. 
Simulated  Mach  number  tests  with  this  configuration  indicated  that  at 
ram  pressures  corresponding  to  high  subsonic  speed  ranges,  maximum  values 
of  available  thrust  were  of  the  order  of  5*5  lbs.  per  sq.  inch  with  specific 
fuel  consumption  values  of  approximately  3»5  lbs.  of  fuel  per  hour  per 
thrust.  It  was  observed  in  these  tests  that  choked  exit  conditions  were 
obtained  during  the  exhaust  discharge. 

The  supersonic  performance  studies  extrapolated  from  the  experimental 
results  observed  at  a  Mach  number  of  0.3  indicated  the  possibility  of  a 
substantial  gain  in  performance  over  that  of  the  ramjet  operating  in 
a  supersonic  range  with  the  same  air-fuel  ratios.  It  was  found,  however, 
that  the  expected  increase  in  performance  in  the  subsonic  range  based 
on  the  extrapolated  performance  from  a  Mach  number  of  0.3  was  not 
achieved  in  the  experimental  program. 

The  extrapolated  performance  indicated  that  turusts  of  approximately 
9  lbs.  per  sq,  inch  should  be  achieved  at  &  Mach  number  of  O.b,  whereas, 
experimentally,  approximately  3  lbs.  per  sq.  inch  were  obtained,  which 
increased  to  approximately  5*5  lbs.  per  sq.  inch  at  a  Mach  number  of  0.95. 
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The  supersonic  performance  based  on  the  extrapolated  values  of 
highest  subsonic  Mach  number  data  indicated  the  thrust  values  would  be 
approximately  l/b  that  of  the  ramjet  in  the  supersonic  range ,  although 
the  specific  fuel  consumption  values  would  be  slightly  lower. 

The  major  experimental  problem  that  exists  is  the  achievement  of 
increased  specific  thrust  values,  in  order  to  approach  more  closely  the 
predicted  theoretical  performance.  It  is  believed  that  this  improvement 
can  be  attained  through  the  use  of  improved  fuel  injection  systems  and 
fuel  mixing  to  increase  the  combustion  efficiency.  It  is  concluded  that 
the  wave jet  mould  prove  to  be  a  promising  sups r sonic  power  plant  if 
improved  specific  thrust  values  can  be  obtained. 
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iPPENDn  I 

SHROUDED  tttVEJET  OAICDLAIICK5 
SYMBOLS 


■  total  pressure 

-  static  pressure  ■  jOg  R-T 

-  tine 

-  cycle  time  for  nonsteady  engine 

■  static  temperature 

-  total  tempera ture 

-  area 

■  acceleration  o  f  gravity 

■  Mach  No. 

■  speed  of  sound  *  (y9*t)V* 

-  Cp  /Cy  -  l.L 

*  specific  heat  •  0 . 2ii  ff0/l»9^°F 

■  velocity 

-  volume 


density 

combustion  efficiency 

heating  value  of  fuel  ■  19 » 200  HITJ /LB 

stoichiometric  air-fuel  ratio 

*u  Q  4 
CP6,  xxs 

air-fuel  ratio 

air-fuel  ratio  at  M  -  0  that  would  produce  the  sane  value  of  T 
that  CL  produced  at  another  Mach  No. 


thrust 

fr  Pr  ad 

mass  flow  ■/To  — -  _ 

9  ^  /R- 

stream  force  =  PA  (  !  *  y  M  )  -  V*-— 

T/A  ' 

coefficient  of  thrust  ■ 

CONFIDENTIAL 


m/9 

~N 


CONFIDENTIAL 


Cj 

c 

A 


-  360Q* 

Q0COL 


SFC  -  specific  roel  conswption  (lb. fuel  per  hr/lb*  thrust) 

•'  Pf 


'[  jr(rM?+n  *<* 

Jo  w 


Sftjopg 

o  Atmospheric  or  free  fli^it 

X  SUgmtt®  condition.  »t  «nd  of  difre.r  mi  <mt«nc.  to  Mg'** 

•  Condition  immediately  inside  vare  tube  exit 


■  ■  outside  ■  *  " 

Flnel  steady  state  condition  of  mixed  floe  for  shrouded  engine 
Shroud  exit  condition,  for  unnhrooded  ware  enginee Pt  9  Pf 

Pt  •  Po 

t  •  * 


NOTE:  Mach  mater  functions  F,D,G,N  are  presented  and  tabulated  in 

Cornell  Aeronautical  Laboratory  Report  ■Mach  Haaber  Functions 
for  Ideal  Diatonic  Gases"  by  J.  V.  Foa,  October  19U9. 
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GEttRAL  ASSUMPTIONS 


1. 

Ambient  Static  Temperature 

6o  ■  530°E 

2. 

Ambient  Static  Pressure 

P0  -  lii.7  psi 

3. 

Ratio  of  Specific  Heats 

y  -  1.1* 

i*. 

Specific  Heat  at  Constant  Pressure 

Cp  -  0.21*  BTU/lt/°F 

5. 

Heating  Value  of  Fuel 

Q  -  19,200  BTU/lb. 

6. 

Equal  Static  and  Stagnation  Conditions 

at  the  Diffuser  Exit 

7. 

Thrust  per  Unit  Area  is  Based  on  the  Maximum  Engine  Area 

TABLES 

TABLE  1  -  ASSUMED  DIFFUSER  PRESSURE  RATIO 

Mo 

Theoretical  P^/Pq 

Assumed  P-j/P0 

0.0 

1.00 

1.00 

o.5 

1.19 

1.13 

1.0 

1.89 

1.80 

1.5 

3.67 

3.1*8 

2.0 

7.82 

6.72 

3.0 

36.73 

20.20 

U.o 

151.80 

1*1.00 
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The  threat  is  defined  to  Inc  lode  all  internal  and  external  forces  acting 
en  the  propulsion  device  in  the  direction  of  its  axle, 

Iirermrai.fcle  external  flow  contributions  are  not  Included.  For  nocstea^jr  flow 

propulsion  devices,  the  are  rage  -thrust  is  giren  b 7 

'1c 


J  X  (Vf-Vp)'”/  f  X  C?4‘  Pp)  A*  dt 


(2) 


vdiere  tc  is  the  cycle  tine. 

It  is  convenient  for  calculation  purposes  to  express  the  performance  equa¬ 
tions  in  terns  of  pressure,  speed  of  sound,  and  Kadi  number.  In  dimensionless 
font,  the  thrust  Eq.  (l)  nay  be  written  as 


(3) 


3600 


The  air  specific  ijipulae  — —  *ay  also  be  expressed  in  a  dimensionless  form  as 

OCX 


c  JbOOg  f0  '  P*/P0  (X^'OdcL-J 

1  "  <CCa»  ’  /'  pf/p  ",  Va, 

*^o  °  7 


00 


These  equations  may  be  written,  more  conveniently,  in  the  form 


cr-\A-».  \  %A-', 


and 


P,/P„  A  - 1 


r<  '  o 

Cl  • 


-  M. 


>°o  ar 


A 


where 


fit  « J  P*/Pi  (rMf  *  V 


(5) 


(6) 


(7) 
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and 


V«,  M*  da- 


(8) 


ft.  value.  of  /5,  and  fit  *****  only  ***  *.  -gin.  d«™ct«rlaUn.  md 
tta.  oo.md.ntn,  and  th.  reaming  tana  depend  ®ly  npon  (ho  dlffueer  efficiency 
cud  £Li£it  Mach  maber. 

ft.  TalUM  of  /O,  «nd  At  *>*  «“  diff.idrt  V.T.  .n (In.  eonfiguatlon. 

„„  obtalnad  trm  B.f.«no.  1.  fl,  «*  A  *"  "Ut*d  10  **  th”*t  P" 

«tt  arm  md  ap.eiflo  fu.1  oonm^tim  frm  *.  oh.r-tm.tln.  -Hagan.  by. 

a,  yea,  (T/A)  (?) 

*  s&ffi-PTi 


“4  A  *  *%,  A  (c,  *».)*  %  <“> 

ft.  {.rfoa.no.  of  my  .ngln.  eonfiguatlon  confound*  with  tU  vaa 
wi^wi  my  U  datcimln.d  .t  my  Mach  nunb.r  aa  long  a.  th.  tenpaatua  rla.  atlo 
md  th.  pawna  ado  aero..  th.  wr.  .ngln.  component  ooraapond.  to  that  of 
th.  particular  cUr.et.ri.tie  cyel.  ..ftot*.  Con.equ.ntly,  parformno.  oaloula- 
tion.  fan  a  *ingl«  oharaot.ri.tloe  dUgan  can  b.  e^loyad  to  dataaina  the  p*n 
formno.  of  -gin.  configuration  or.r  *  Vide  rang,  of  dr-fu.1  ado.  mo  £1 


Maoh  makers  • 

For  nom toady  angina. ,  an  areaga  ndiauat  tmpaatum  my  b.  ctafln*,  a. 
in  th*  at*a<*y  flov  0*8*,  by 

-  */*  m 
ifcere  K  la  *  function  of  the  heat  content  of  the  fuel,  the  combustion  effi¬ 
ciency  and  the  *ode  of  heat  addition. 

For  different  inlet  stagnation  temperatures  Q0  and  0,  ,  the  temper¬ 
ature  ratio  :/01  la  constant  if 

h.  .  r  *  -4  * '  *  ~-s  m 

CL  9f  cl0  &0 
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In  cotter  to  rain  tain  a  constant  temperature  ratio,  it  la  only  neceeaary 
to  mintain  (CL0f)  constant.  Since  0,  »  &a  J  aim  can  write 

s  at,  0* 


or 


CL0o 

["¥ 

« 

<X0 

at  -  ” 

U3) 


Aere  ia  the  air-fUel  raf.o  at  ^  -  0  and  au  ia  tlie  air-fnel  ratio  at 
any  Mach  xmfcer  (»0). 

If  the  air-fnel  ratio  at  (Mq  -  C)  ia  60,  the  change  in  air-fnel  ratio 
required  to  maintain  Gt / 9,  conatant  at  any  other  fli^it  Mach  nuuber,  ia 
given  by 

TABLE  2 


Mo 

0 

1 

2 

3 

U 


60 

So 

33 

22 

15 


ot>o 


In  the  case  of  the  shrouded  ware  jet  engine,  the  aasuaptions  axe: 

1*  Mixing  of  the  exhaust  gases  takes  place  in  a  conatant  area  tube, 

2,  Mall  friction  forces  are  neglected, 

3,  The  flow  1s  unlfoni  and  steady  at  the  end  of  mixing. 

The  inlet  of  the  engine  is  connected  to  a  plenuit  and  the  ead.t  of  the 
engine  exhausts  a  constant  area  aixi ng  chamber.  By  proper  design  of  the 
conwerging-diTerging  exhaust  shroud  It  is  possible  to  maintain  a  constant 
pressure  ratio  across  the  wave  tubes  at  supersonic  speeds. 
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In  order  to  evaluate  the  performance  of  the  shrouded  wave  engire,  it  is 


necessary  to  detemine  the  final  steady  flow  condition  of  the  mixed  exhaust 
gases.  The  momentum  relation  applied  between  stations  (e)  and  (3)  yields 


4 


where 


dt 


end  t0  is  the  cycle  time. 
Substituting 

f71  *  j)  Y  A 
P  -  jogVT 
a  *  y  yg  QT 


yields 


or 


t  dtA 
A  •  A  MAX 


e,  a,/^  M*  da* 


where 


Q 

Cp  6a. 


Hie  Mach  nmnber  at  the  end  of  adjdng  (M3)  is  determined  from  N3  aoov-e 
Ihe  equation  of  continuity  yields 
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P3Os 


which 


’  .  y/'  P'M<  dtL.Jr 
3  rJ,  ~  If*  w~ 

be  combined  with  the  equation  for  and  D3  -  03113  to  yield 


“  (coeqpreasion  ratio)  • 


In  order  to  maintain  the  boundary  condition*  at  the  end  of  the  ware  tub 
the  exit  of  the  mixing  chamber  is  eralnated  by  a  no  sale  expanded  to  the 
original  diameter  of  the  ware  engine.  The  total  pressure  of  the  mixed  flow 
muat  be  sufficiently  greater  then  the  atnax  pherlo  static  pressure,  to  'rtiloh  thr 
flow  is  discharging,  to  maintain  the  supersonic  Kach  nunber  determined  by  the 
area  ratios.  These  conditions  era  eatiefled  for  the  shrouded  were  engine  ihen 
the  exhaust  la  choked. 

from  ieentropio  continuity  conditions, 

D3eubeordo  "  3/b  ^faupereonio 

aa riming  that  the  core  of  the  ware  engine  ie  1/3  of  the  total  were  tube  area. 

%  my  be  determined  from  Df  and 


The  values  used  to  extrapolate  the  subeonlc  engine  performance  are 
shown  in  Table  3. 
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Table  I 

THEORETICAL  WAVE JET  ENGINE  PERFORMANCE 


CONSTANT  AREA  WAVE JET  ENGINE  PERFORMANCE  * 


'  MACH 
NO. 

COMBUSTION 

CHAMBER 

LENGTH  RATIO 

AIR 

FUEL 

RATIO 

MODE  OF 

HEAT 

ADDITION 

PRESSURE  AFTES 
HEAT  ADDIT .'ON 

ATMOSPHERES 

SPECIF  1C 
FUEL 

CONSUMPTIOI 
lb*  fuel 
he  lb.  thrust 

SPECIFIC 

J  THRUST 
jlbe/sq.in. 

0.65 

0.25 

33 

CONSTANT 

VOLUME 

COMBUSTION 

II  .65 

2.4 

10.7* 

B 

— 

0.25 

33 

GRADUAL  HEAT 

ADDITION 

4. 61 

3.0 

6.1 

0.65 

n 

'  - 

33 

CONSTANT 

VOLUME 

COMBUSTION 

9.56 

1.9 

12.8 

0.65 

0.50 

33 

GRADUAL  HEAT 
ADDITION 

12.19 

1.8 

14.5 

0.95 

0.50 

33 

CONSTANT 

VOLUME 

COMBUSTION 

11.50 

2.1 

15.9 

0.95 

0.50 

33 

GRADUAL  HEAT 
ADDITION 

1 1  .HI 

2.0 

16.0 

ENLARGED  COMBUSTION  CHAMBER  i  cowbuetion  chamber  area 
WAVEJET  ENGINE  PERFORMANCE  \  wave  tube  area 


MACH 

NO. 

COMBUSTION 

CHAMBER 

LENGTH  RATIO 

Mi 

1 

MODE  OF 

HEAT 

ADDITION 

PRESSURE 

AFTER  HEAT 

ADDITION 

SPECIFIC  FUEL 
COfOOTION 

1  be.  fuel 
hr.  1b.  thruat 

SPECIFIC 
THRUST 
1b*/»q.  In. 

0.35 

0.25 

33 

CONSTANT 

VOLUME 

COMBUSTION 

5.85 

2.8 

1.7 

*S<iM«rlz«d  from  CAL  Np.  No.  00-799-A-l 
**Suaa«riz«d  from  CAL  Np.  No.  D0-799-A-2 
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Table  2 

SUMMARY  OF  EXPERIMENTAL  WAYEJET  ENGINE  TEST  RESULTS 


ENLARGED  COMBUSTION  CHAMBER  '  rotation  ch—bcr  area  \  2 

SINGLE  TUBE  NAVEJET  ENGINE  PERFORMANCE  'ave  tube  area  / _ 


j  PERFORMANCE  AT  MAXIMUM  4^  nftiHUM  SPECIFIC  FUEL  CONSUMPTION 

COMBUST  I0TI 
CHAMBER 
LENGTH  RATIO 

SPECIFIC 

FUEL 

CONSUMPTION 

SPECIFIC 

THRUST 

AIR  FUEL 
RATIO 

MACH 

NO. 

1/5 

2.3 

0.75 

- — 

0 

1/5 

9.3 

1.75 

— 

C 

1/5 

3.5 

1.0 

60 

0.36 

1/5 

9.0 

1 .6 

i 

20 

0.36 

1 

l/H 

3.1 

0.9 

0 

I/M 

9.5 

2.0 

— 

0 

1/1 

m 

• 

1.3 

70 

0.36 

1/1 

8.2 

1.1 

60 

0.36 

3/10 

1.0 

1.5 

— 

0 

3/10 

6.9 

1.2 

— 

0 

3/10 

1.8 

l.l 

60 

0.36 

3/10 

6.0 

0.6 

85 

0.S6 

MULTITUBE  WAVEJET  ENGINE  PERFORMANCE 


MACH 

NO. 

MEAN 

ENGINE 

PRESSURE 
(IN  HG) 

GROSS 

THRUST 

(LB.) 

NET 

THRUST 

(LB.) 

FUEL 

SPECIFIC 

IMPULSE 

(SEC.) 

SPECIFIC 

FUEL 

CONSUMPTION 
(LB. /HR. ) 
LB. 

AIR 

SPECIFIC 

IMPULSE 

(SEC.) 

AIR 

FUEL 

RATIO 

n 

3-7 

D 

66.8 

238 

15.11 

10 

23.6 
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Table  3 

EXPERIMENTAL  ENGINE 

M0  -  0.9 

Vc  -0.90 

Q  •13200 

—■  —4. /5 

A 

P0  -14.7 

c*  -  az4 

C  -  3.9 

G0  -  53Q 

7"  - 1.4 

oc.  -  !2.5 


_  a,C(T/A)  (IIZ3.5)/3.9)  QZ.5) (4.15) 
J3*  "  3600 P,g  '  (0-  92&X3600X24.  25)(32.  z) 


a 0874 


3£00g 

h~Cocei0 


(36O0)(32.Z) 

(3.9)  f/Z.  5)(//Z6.5) 


z./t 


-(0.9Z8)(0.0874)(Z.U  +  0.9)+  0.606 


-0.050 


(Qj/e,)*  -3.2/ 

Ns  -  0. 236  Gj  -  U  043 

Pn/P,  -  0. 8/5 


CONFIDENTIAL 


COMBUSTION  CHAMBER 
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INLET 

VALVE 


FUEL  INJECTION 


EXHAUST 


EXHAUST 

VALVE 


COMBUSTION  CHAMBER 


Fig.  2  WAVE  DIAGRAM  OF  ONE  ENGINE  CYCLE 
CALCULATED  BY  THE  METHOD  OF  CHARACTERISTICS 
MACH  NO.  ■  0.6b  AIR  FUEL  RATIO  s  33 
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MULTITUBE  SHROUDED  WAVEJET 


MIXING  REGION 


CENTRAL  CORE  AREA  ■  1/3  WAVE  TUBE  AREA 


SHROUDED  WAVEJET 


ROTATING 
REAR  VALVE 
PLATE 


FRONT  VALVE 


PLATE 


CORE  AREA  >  1/3  WAVE  TUBE  AREA 
SIMPLE  UNSHROUDED  WAVEJET 


Fig.  H  KILT  I TUBE  WAVEJET  CONFIGURATIONS 
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SINGLE  TUBE  WAVEJET  ENGINE  AND  TEST  BED 
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Fig.  6  SCHEMATIC  DIAGRAM  OF  THE  SINGLE  TUBE 
WAVE JET  ENGINE  TEST  MODEL  MOUNTED  IN  TEST  BED 
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MULTITUBE  WAVE JET  WITH  TOP  WAVE  GUIDES  REMOVED 
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MUllllUBf  WAVIJM  Tl  ST  MOOf  L  WITH  INLf!  RAM  AIR  COWLING 
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MMEJET  EMI  ME  TEST  MODEL 
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*£CIFIC  TCNWT  IJB/ltt2 


A¥ERAC£  MAXIMUM  AND  MINIMUM  AIR  FUEL  RATIO  ¥3. 
SPECIFIC  THRUST  FOR  SINOlf  TUBE  CONSTANT  AREA  WAVEJE 


IFIC  7 


OMMFTiai  • 
Ll/tft 


*KIFIC  TVtUVT  Li/ II* 

Fig.  10 

W  MU  I  MW,  ARC  MIRIM* 

SPECIFIC  FUEL  COM3UMPTION  WITH  SPECIFIC  THRUST 
FOR  CORSTAAT  AREA  PAVE JET 
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Fig.  12  SINGLE  TUBE  WAVE JET  CHOKED  EXHAUST 
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Fig.  13 

SINGLE  TUBE  WAVEJET  ENGINE  AIR  CONSUMPTION 
BASED  CN  PRESSURE  SURVEY  RAKE 
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0  2  I  I  I  SO  12  II  1C  It  20 

Alt  FUEL  IATI0 
Fig.  IK 

AVERAGE  MAXIMUM  AND  MINIMUM  SPECIFIC  THRUST  OF 
SINGLE  TUBE  CONSTANT  AREA  NAVEJET  VS.  AIR  FUEL  RATIO 


FUMT  NACN  MO. 

Fig.  15 

AVERAGE  MAXIMUM  AND  MINIMUM  SPECIFIC  THRUST  VS. 
FLIGHT  MACH  NUMBER  FOR  SINGLE  TUBE  CONSTANT  AREA  WAVE JET 
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0  0.6  L0  I.S  2.0  2.6  1.0  6.6  6.0  6.6  5.0  ki  6.0  7.0 

SPECIFIC  TOtOIT  (ll/l*1) 

Fig.  16 


AVERAGE  MAXIMUM  AND  MINIMUM  SPECIFIC  FUEL  CONSUMPTION  VS. 
SPECIFIC  THRUST  FOR  SINGLE  TUBE  CONSTANT  AREA  NAVE JET 
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BEST  EXPERIMENTAL  SINGLE  TUBE  CONSTANT  AREA  WAVE JET  TEST  RESULTS 


HIT  EXPERIMENTAL  WAVEJET  DATA 
EXTRAPOLATte  WAVEJET  DATA  (APPENDIX 
THEORETICAL  RAMJET. 

TOTAL  PRESSURE  RATIO  ACROSS  j 
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Fig.  19 

SPECIFIC  FUEL  CONSUMPTION  VS.  MACH  NUMBER  COMPARISONS  OF 
BEST  EXPERIMENTAL  AND  EXTRAPOLATED  EXPER I MENTAL  CONSTANT  AREA 
WAVE JET  ANO  RAMJET  AND  TURBOJET  AT  SEA  LEVEL 
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Fig.  20 

PERFORMANCE  COMPARISONS  OF 
BEST  EXPERIMENTAL  CONSTANT  AREA  NATE JET 
ANO  THEORETICAL  CONSTANT  AREA  MAVEJET 
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